The light-harvesting Chi a/6-protein complex of photosystem II (LHC II) accounts for nearly half of the total Chls (Thornber 1986). Light energy absorbed by LHC II is efficiently transferred to the reaction center through the internal antenna complexes (Dreyfuss and Thornber 1994, Dau and Sauer 1996) . In LHC II, an equilibration of energy distribution is established among all Chi molecules, which have several distinct absorption peaks (Chi form) (Kwa et al. 1992 , Zucchelli et al. 1992 , Kehrberg et al. 1995 .
The light-harvesting Chi a/6-protein complex of photosystem II (LHC II) accounts for nearly half of the total Chls (Thornber 1986 ). Light energy absorbed by LHC II is efficiently transferred to the reaction center through the internal antenna complexes (Dreyfuss and Thornber 1994, Dau and Sauer 1996) . In LHC II, an equilibration of energy distribution is established among all Chi molecules, which have several distinct absorption peaks (Chi form) (Kwa et al. 1992 , Zucchelli et al. 1992 , Kehrberg et al. 1995 .
The LHC II of green algae and higher plants is present
Abbreviations: HL, high intensity light; LHC II, light-harvesting chlorophyll a/6-protein complex of photosystem II; LL, low intensity light.
in the trimeric form consisting of two similar but distinct polypeptides (Peter and Thornber 1991, Harrison and Melis 1992) . Each polypeptide of pea LHC II contains 7 molecules of Chi a, 5 of Chi b and 2 of lutein (Butler and Kiihlbrandt 1988, Connelly et al. 1997) . The locations of these pigments have been determined by electron crystallography (Kiihlbrandt et al. 1994) . Six Chi a molecules are symmetrically placed around two helices, which are invariant in LHC II. However, LHC II shows a variable Chi a/b ratio, from 0.64 in Acetabularia (Apel et al. 1975 ) to 1.3 in pea (Burke et al. 1978) . The LHC II from green alga, B. maxima, has a Chi a/b ratio of 0.8 and contains 6 Chi a and 8 Chi b molecules per polypeptide (Nakayama and Okada 1990) .
LHC II with a modified pigment composition has the ability to absorb limited light energy in various circumstances (Kageyama et al. 1977 , Siefermann-Harms 1985 . In benthic green algae LHC II increases the content of Chi b to increase the capacity for absorbing blue-green light (Nakamura et al. 1976 , Anderson 1983 . Shade plants also show a low Chi a/b ratio as a consequence of the increase in the amount of LHC II for each reaction center (Chu and Anderson 1984) . On the other hand, land plants and green algae in the intertidal zone coincidentally have acquired a response to the fluctuating irradiance, such as the xanthophyll cycle (Demmig-Adams et al. 1995 , Niyogi et al. 1997 ). In the green alga, Dunaliella, the number and composition of Chi molecules in LHC II changes according to the irradiance condition (Sukenik et al. 1987) .
The number of Chi molecules in Dunaliella LHC II is less than half that in higher plants and green algae (Sukenik et al. 1987) . The LHC II from D. tertiolecta grown under a low intensity light (LL) condition contained 4.7 Chi a and 1.9 Chi b molecules per polypeptide. The number of Chi b molecules is decreased to 1.1 under a high intensity light (HL) condition. In these cells, the efficiency of excitation energy transfer from carotenoids to Chi a decreased in the wavelength range from 440 to 520 nm, whereas the excitation energy transfer from Chi b to Chi a was not concomitantly inhibited (Sukenik et al. 1987) . D. tertiolecta LHC II may lack one of the symmetrically placed 6 Chi a molecules in the LL cells. The excitation energy transfer between Chi molecules may be altered by a change in the number of Chi molecules in Dunaliella LHC II. It would be interesting to study the energy transfer pathways between Chls in LHC II that assembles only a few Chi molecules physiologically. The energy transfer must be observed in the purified LHC II with intact pigment and polypeptide compositions, instead of the observations using cells.
In this study, three different forms of LHC II were purified without release of free pigments. Two forms of highly purified LHC II were isolated for the first time from the HL cells. Some chemical properties of the three LHC Us were analyzed, and the stoichiometry of Chls and carotenoids bound to an apoprotein of LHC II was determined. They had different Chi and polypeptide compositions. The Chi forms and energy transfer in these LHC Us were examined.
Materials and Methods
Cell growth-D. salina was grown in a 300-ml Erlenmeyer flask containing 150 ml of medium by the method described previously without shaking (Ohsawa et al. 1992) . Cultures were grown at 25 °C under continuous light at 80yMmol quanta m 2 s" 1 (LL) or 1,500jumol quanta m 2 s~' (HL). Cells in the logarithmic phase were collected by centrifugation at 10,000 x g for 10 min and washed with 1.5 M NaCl and stored at -90°C.
Isolation of LHC II-The cells were homogenized in a preparation medium containing 50 mM Tris-HCl (pH 7.5), 2 mM phenylmethyl sulfonyl fluoride and 4 mM £-aminocaproic acid, and centrifuged at 30,000 xg for 20 min. The precipitates were treated with DNase I (Sigma) in the same medium containing 5 mM MgCl 2 for 60 min and washed 3 times with Na-EDTA (pH 8.0). The thylakoid membranes were treated with 0.8% digitonin (digitonin/Chl = 20) in the same medium at 4°C for 12 h with stirring. After centrifugation at 30,000 x g for 1 h to remove membrane fragments, the supernatant was applied to a column of DEAE-Toyopearl equilibrated with 20 mM Tris-HCl (pH 7.5), 50 mM NaCl and 0.15% digitonin. Separation was carried out with a linear gradient of NaCl from 50 to 250 mM. LHC II fractions concentrated with polyethylene glycol 20,000 were subjected to gel-permeation chromatography on a column of Superose 6. The running buffer contained 20 mM Tris-HCl (pH 7.5) and 0.15% digitonin.
The polypeptide composition was analyzed by SDS-PAGE using 12.5% polyacrylamide gel. Samples were treated with 1% SDS for 1 h at room temperature. The gels stained with silver were recorded at a resolution of 600 dpi using a flat bed scanner (HP ScanJet 4c). Densitometric profiles of the gels were plotted by NIH Image software.
The concentration of Chls was determined in 80% acetone according to the method described by Porra et al. (1989) . Carotenoids were analyzed by a Waters HPLC system on an octadecyl silica column (Unisil C18, 0.6 cm i.d. xlOcm). Pigments were eluted with a gradient of methanol from 90 to 100% at a flow rate of 1.0 or 1.5 ml per min. For the detection of breakdown products of Chls, a diode array detector (Union giken MCPD35O) was used in the wavelength range of 400 to 700 nm with 1.5 nm resolution according to the method of Minguez-Mosquera (1991) . Amino acid compositions were determined with a Hitachi 835 amino acid analyzer. Samples were hydrolyzed in 6M HC1 and 1% thioglycolic acid at 110° C for 24 and 72 h.
Spectral measurements-Absorption spectra were measured with a Hitachi U-3300 spectrophotometer. Fluorescence emission and excitation spectra were measured with a Spex FluoroMax spectrofluorometer. Each sample was diluted to 0.06 absorbance at the red absorption peak with the preparation medium. The bandwidths of excitation and emission light were 1.28 nm. The absorption and fluorescence spectral data were stored in a computer for every 0.2 nm and subjected to smoothing and plotting of the second derivative spectra using Igor (WaveMetrics) according to the method described previously . Spectra were resolved into their components by the Multipeak fit functions in Igor. The spectral sensitivity of spectrofluorometer was corrected with emission correction factors of Spex.
Results
Separation and purification of LHC //-Thylakoid membranes of Dunaliella salina solubilized with 0.8% digitonin were fractionated by DEAE-Toyopearl column chromatography ( Fig. 1 ). The PSII complex was eluted at the NaCl concentration of 100 to 125 mM. The elution of LHC II began at the NaCl concentration of 70 mM and reached the maximum at 160 mM NaCl. The elution profile of Chi proteins from LL cells was similar to that from HL cells. The order of the elution from the DEAE-Toyopearl column was similar to that in B. maxima (Nakayama and Okada 1990) and was inversely related to that in spinach (Yamada et al. 1987) . Fractions free from PSII complex were collected and subjected to gel permeation chromatography for separation from the PSI complex (Fig. 2 ). The PSI complex was eluted prior to the LHC II fraction. The main peaks, which were designated LHC-L and LHC-H1 with a particle size of 310 kDa were obtained from LL and HL cells, respectively. This size was similar to that of LHC II from B. maxima. A minor fraction (LHC-H2) with a particle size of 110 kDa was isolated from HL cells after LHC-H1. LHC-H2 could not aggregate to the size of LHC-H1 in digitonin. Judging from the elution curve monitored at 280 nm, the ratio of LHC-H1 to LHC-H2 appeared to be about 8:2, whereas the ratio of amount of Chi a contained in both LHC II was about 9 : 1 . The polypeptides of LHC-H2 contained a smaller amount of ChlathanLHC-Hl.
Polypeptide composition-Denaturing SDS-PAGE showed that LHC-L and LHC-H1 contained four polypeptides with apparent molecular masses of 31, 30, 29 and 28 kDa (Fig. 3) . This composition is similar to those in D. tertiolecta (Sukenik et al. 1988) and D. salina (Long et al. 1989, Tanaka and Melis 1997) . The 31 and 30 kDa polypeptides migrated closely to each other. In LHC-L, the molecular ratio of the 31 plus 30, 29 and 28 kDa polypeptides appeared to be 68 : 17 : 15, as judged by densitometry of the silver stained gel. In LHC-H1, this ratio was 66 : 20 : 13. LHC II occurs usually in a trimeric form (Butler and Kuhlbrandt 1988, Kiihlbrandt and Wang 1991) . LHC-L and LHC-H1 may consist of the two larger polypeptides (30 and/or 31 kDa) and one copy of a smaller one (29 or 28 kDa) similar to the higher plants (Peter and Thornber 1991) . LHC-H2 contained 30 and 28 kDa polypeptides with a molar ratio of 71 : 29. It may be present in a trimeric form similar to other LHC Us. LHC-H1 and H2 with different polypeptide compositions were both contained in the culture grown under HL. Amino acid composition of three forms of trimeric LHC //-The amino acid compositions of LHC-L, LHCHl and LHC-H2 are shown in Table 1 . These three forms of LHC II had similar but not identical amino acid compositions. They were also similar to the polypeptide of D. salina LHC II determined from the nucleotide sequence of ZLCAB43 (Long et al. 1989) . This indicates that the three forms of LHC II were free from both reaction-center complexes. The minimum molecular mass of each trimeric LHC II was calculated. By assuming that each polypeptide of LHC II contain the same numbers of Met and Ser as the polypeptide of D. salina (Long et al. 1989 ) and three forms of LHC II occur in a trimeric form and, in consequence, contain nine Met and six Cys, molecular masses of LHC-L, LHC-H1 and LHC-H2 are 83.4, 77.5 and 72.9 kDa, respectively. The value of Trp was taken from the amino acid sequence data of D. salina (Long et al. 1989) . Three forms of LHC II contained the same number of Ser, Glx and His, some of these are ligands of Chi molecules in pea LHC II (Kuhlbrandt et al. 1994 ). The differences between the amino acid compositions of LHC-H1 and LHC-H2 were greater than those between LHC-L and LHC-H1. Significant differences were observed in the numbers of Pro, The number of residues per trimeric form are shown in parentheses. For comparison, the data on a polypeptide of LHC II from D. salina (ZLCAB43) (Long et al. 1989 ) and D. tertiolecta (pDTcabl) (LaRoche et al. 1990 ) are also shown. The number of residues per polypeptide are shown in parentheses. " Values taken from the data of Long et al. (1989) .
Val, Leu and Lys. These amino acids are mainly localized in the membrane surface region in pea LHC II.
Pigment composition-The pigment compositions of the three forms of LHC II are shown in Table 2 . LHC-L and LHC-H1 showed a Chi a/b ratio of 2.4 and 2.2, respectively. Both LHC Us showed ratios of lutein to Chi a similar to LHC II isolated from spinach (Ryrie et al. 1980) LHC-H2 showed a higher Chi a/b ratio (7.5) than LHC II isolated from cells of D. tertiolecta grown under HL (1,200 yumol quanta m~2 s" 1 ). A small amount of pheophorbide a was detected in the pigments extracted from LHC-H2. Pheophytin a may be converted to pheophorbide a during the extraction of pigments. Eight percent of the total Chi a was converted into pheophytin a during the storage. Pheophorbide a was not detected in LHC-L and LHC-H1. Chi a concentration of LHC-H2 was corrected for the presence of pheophytin a. The amount of lutein in LHC-H2 was higher than that in LHC-H1. The ratios of violaxanthin to Chi a were similar in all three forms of LHC II. Neither ^-carotene nor neoxanthin were detected in any of the LHC Us. (Table 3) . Based upon the assumption that the pigments were evenly distributed among the three polypeptides, each polypeptide of LHC-L contained 7.5 
Stoichiometry of pigments bound to an apoprotein-
For comparison, LHC II of D. tertiolecta grown under low light (LL) and high light (HL) conditions (Sukenik et al. 1987) and LHC II of D. salina (Pick et al. 1987 ) are also shown. Average numbers of Chls in each polypeptide of LHC II are shown in parentheses.
molecules of Chi a, 3.2 of Chi b, 2.1 of lutein and 1.0 of violaxanthin. The amounts of pigments bound to one polypeptide are shown in parentheses in Table 3 . These values of LHC-L were similar to those obtained in spinach.
Chi a was about 6O°7o more abundant than that in D. tertiolecta, in spite of the similar concentration of lutein (Sukenik et al. 1987 Absorption spectra-The absorption spectra of both LHC-L and LHC-H1 at 25 °C were very similar in shape with the absorption peaks at 436, 474, 650 and 673 nm and a shoulder at 683 nm (Fig. 4) . The difference spectrum (LHC-H1 minus LHC-L) after normalization at their red maxima showed a very small decrease at 683 nm. LHC-H2 showed peaks at 436, 482 and 671 nm. The difference spectrum (LHC-H2 minus LHC-L) showed troughs at 650 and 683 nm and broad decrease around 474 nm. These peaks may reflect the decrease of Chi b and a longer wavelength form of Chi a in LHC-H2. The increase of the absorbance around 415 nm was attributed to the presence of pheophytin a (Lebedev et al. 1986 ). The second-derivative spectrum of LHC-H1 showed three maxima at 651, 672 and 682 nm and a shoulder at 662 nm (Fig. 5A) . Thus, the absorption spectrum of LHC-H1 was resolved into four Chi a forms (Ca662, Ca672, Ca682 and Ca692) and one Chi b form (Cb652). The peak positions of each Chi form coincided with the peaks of the second-derivative spectrum. The absorption spectrum of LHC-H2 was also resolved into similar Chi forms of LHC-H1 (Fig. 5B) . These peak positions slightly shifted in LHC-H2. LHC-H1 and LHC-H2 differed in the amounts of Cb652 and Ca682. The decrease in the number of Chi a molecules caused a reduction in the longer wavelength form, which had a peak position at 680 nm (Ca680) in LHC-H2. Fluorescence spectra-The fluorescence emission spectra of LHC-L and LHC-Hl showed the same emission peak at 683 nm at 25°C, irrespective of the excitation wavelength of 435 and 474 nm (Fig. 6) . Deconvolution of the fluorescence spectrum of LHC-Hl gave rise to four emission components at 663, 673, 683 and 693 nm (Fig. 7A,  B) . The same components were found in LHC-L (data not shown). The major fluorescence band at 683 nm was ascribed to emission from Ca682. The minor components at 663, 673 and 693 nm were from Ca662, Ca672 and Ca692, respectively. The emission from Chi b in LHC-Hl was not significant even when excited at the Soret band of Chi b. This indicated that light energy absorbed by Chi b was transferred to Chi a with a high efficiency in LHC-Hl as in spinach . When LHC-H2 was sensitized at 435 and 474 nm, the emission peaks appeared at 678 and 681 nm, respectively. These spectra were resolved into the components corresponding to those of LHC-H1. The major 682 nm emission band was ascribed to emission from Ca680 (Fig. 7C, D) . On the excitation by 435 nm light, a relatively higher intensity of emission was observed around 670 nm than that on the excitation by 474 nm light. This difference may be attributed to pheophytin a, considering that emission from pheophytin a is higher on the excitation by shorter wavelength of 435 nm light (Lebedev et al. 1986) , and both spectra are essentially the same as far as Chi a is concerned. Energy transfer from Chi a of shorter wavelength forms to Ca680 may be maintained. A small emission originating from Chi b appeared around 654 nm on the excitation by 474 nm light, indicating low efficient energy transfer from Chi b to Chi a. The excitation spectra of Chi a fluorescence were monitored at 680 and 730 nm at 25°C (Fig. 8) . The two spectra of LHC-H1 were almost the same and similar to the absorption spectrum, thus showing the high efficiency of energy transfer from Chi b and lutein to Chi a molecules. In the excitation spectra of LHC-H2, the contribution of 450 to 530 nm light to the Chi a fluorescence was small (Fig. 8B ). This indicates that few of Chi b and lutein molecules can transfer the excitation energy to Chi a molecules in LHC-H2.
Discussion
Three forms of LHC II were separated from cells of Dunaliella salina grown under different irradiance conditions. LHC-L was obtained from cells grown under LL. Both LHC-H1 and LHC-H2 were separated from the culture grown under HL. LHC-L and LHC-H1 contained 4 polypeptides similar to previous reports (Sukenik et al. 1988, Tanaka and Melis 1997) and showed the same particle size of 310 kDa. On the other hand, LHC-H2 consisted of 30 and 28 kDa polypeptides with a molar ratio of about 2 : 1 having a particle size of 110 kDa. The particle size of trimeric LHC II was estimated from the amino acid composition. When the amount of pigments is taken into consideration the total molecular masses of LHC-L, LHC-H1 and LHC-H2 are 118, 105 and 87 kDa, respectively The complex would also carry the lipid and detergents. We suggest, therefore, that LHC-H2 with a particle size of 110 kDa is a stable trimer in the presence of digitonin. LHC-L and LHC-H1 would form aggregates containing three trimers. It is likely that LHC-L or LHC-H1 consists of two copies of larger polypeptides (31 and/or 30 kDa) and one copy of the smaller polypeptides (29 or 28 kDa). When Chi concentration was determined according to the method of Porra, et al. Chi a/b ratios of LHC-L, LHC-H1 and LHC-H2 were 2.4, 2.2 and 7.5, and when determined according to Arnon's corrected equation (Holden 1976) , these values were 2.1, 2.0 and 6.0, respectively. We employed Porra's equation since LHC-H2 showed a high Chi a/b ratio of 6 by the method of Arnon.
LHC-L from cells grown under low light condition contained 7.5 Chi a molecules as in the case of higher plants. It is observed for the first time that the number of Chi a molecules in Dunaliella LHC II was similar to that in higher plants. Dunaliella LHC II had four Chi forms, three major and one minor one as in higher plants and green algae (Brown et al. 1974, Nakayama and . A high efficiency of energy transfer from Chi b to Chi a was maintained in LHC-L. Chi molecules may be uniformly distributed in each trimeric polypeptide as in higher plants except for the reduction of Chi b molecules.
LHC-H1 contained 5.6 Chi a molecules per polypeptide as in B. maxima. Similarities in Chi forms and amino acid compositions suggest that the structure of Dunaliella LHC II is similar to that of pea and Bryopsis LHC II. The difference spectrum between LHC-L and LHC-H1 showed no significant differences. This indicates that the decrease of 2 molecules of Chi a in each polypeptide caused the reduction of one of the three Chi forms in each trimer polypeptide, respectively. A decrease of absorption at 683 nm is observed in the sheet-like aggregate and oligomer LHC II (Mullet and Arntzen 1980) . The decrease of Chi molecules may affect the conformation of LHC II aggregate. If Chi molecules are distributed homogeneously, each polypeptide of LHC-H1 keeps the core symmetrical Chi a molecules around two main helices proposed by Kuhlbrandt et al. (1994) .
LHC-H2 isolated from cells adapted to HL, had a reduced number of Chi molecules, especially Chi b, as reported previously. LHC-H2 contained 3.4 Chi a and 0.5 Chi b molecules per polypeptide. As a consequence, a part of the polypeptides of LHC-H2 would not contain Chi b molecules. In the Chi a form, Ca682 shifted the absorption peak to 680 nm and diminished specifically. We could not locate the peak position around 675 nm, in spite of the presence of the shoulder at 675 nm in the second derivative spectrum (Fig. 5B) . The sharp trough around 683 nm would not reflect the blue-shift of Ca682 (Fig. 4) . It may indicate only a slight change of peak position around 683 nm. The amount of lutein was similar to that of LHC-H1. Lutein is efficient to reconstitution of second structure of LHC II apoprotein (Meyer et al. 1996) . It may contribute to the formation of the stable form of LHC-H2. The absorption of lutein appeared around 480 nm as a consequence of Chi b diminution. Excitation energy absorbed at 482 nm was not transferred to Chi a molecules on contrast to LHC-L and LHC-H1. The elaborate proximity among Chls and xanthophylls may not be maintained completely in LHC-H2. The decrease in the number of Chi molecules influences the pigment-pigment interaction (Meyer et al. 1996) . It would induce the changes in the protein structure and lead to the pheophytinization of a part of Chi a molecules in LHC-H2. The existence of a small amount of LHC-H2 may be important for the control of energy transfer among LHC II in Dunaliella.
The number of Chi b molecules was smaller than that of higher plants even in the LHC-L from cells grown in LL. This may be an accommodation to the light condition for the tidal green alga Dunaliella. The change from LHC-L to LHC-H1 may be an early stage of adaptation, in which the number of Chi molecules, namely the cross section decreased under HL. In higher plants and Chlamydomonas, Chi a synthesis is essential for the accumulation of LHC II in thylakoid membranes (Michel et al. 1983 , Bennett et al. 1984 . At the first step, Chi synthesis is likely to be controlled during the synthesis of LHC II apoproteins. At the next step, synthesis of protein, the transcriptional level of each polypeptide may be affected (LaRoche et al. 1991, Tanaka and Melis 1997) . Finally, LHC-H2 may consist of different Chi and polypeptide compositions from those of LHC-H1 and diminish the efficiency of energy transfer between LHC II.
